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ABSTRACT

The docked Apollo 15 spacecraft are to fly in
a low lunar orbit for about nineteen hours prior to LM
descent. This orbit will carry the spacecraft over the
mascon basins Imbrium, Serenitatis, and Crisium, and
near the Orientale mascon. The influence of the mascons,
which are not modelled by the Ll lunar potential model,
raises the possibility of large navigation errors prior
to the landing. This study suggests that the major effect
of the mascons will be an error in the orbital period,
causing a downrange error of about 18,000 ft per revolution.
Crossrange and altitude errors of some 5000 and 1000 ft
due to mascons are in the same general range of magnitudes
existing in the orbital determinations and predictions during
the actual flight of the spacecraft in past missions.

Real time procedures for orbital navigation need
not be changed because of the mascons. A DOI TRIM burn
four revolutions before powered descent (PDI) seems unlikely.
The LM downrange position correction at PDI (ARLS update
via NOUN 69) should cope with downrange errors equally as
well as it has in the past: crossrange errors remain the
major uncorrectable error at PDI.
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MEMORANDUM FOR FILE
INTRODUCTION

For a period of about nineteen hours, the docked

Apollo 15 spacecraft will coast in a 60 nm by 8 nm lunar
orbit which carries them directly over three large mascon
basins: Imbrium, Serenitatis, and Crisium. Due to the
considerable excess mass identified with these basins, there
is natural concern as to the effects on orbit determination
and prediction during the mission.

This paper reports a brief investigation into

the kinds of problems that may be encountered due to
unmodelled mascon disturbances. The investigation compared
the effects of the L1 lunar gravitational potential model--
to be used in the mission--against the effects of a simu-
lated moon which adds mascons to the L1 model. The compari-
sons involved an Ll orbit determination and state propa-
gation check, using simulated lunar data, and a study of
orbit element and ‘position error evolution over a nineteen
hour period. The basic conclusion reached is that the
possible errors introduced by the unmodelled mascons are

significant, but that it appears that they may be compensated
for.

TRAJECTORY FOR APOLLO 15

As a first in the Apollo series, the Apollo 15

lunar orbit will have a large selenographic inclination
(about 26°) and a large .selenographic node (about 107°).
These values are required in order to achieve a landing at
the Hadley-Apennines site, located at 26207 N, 3265 E.
With respect to surface features, the trajectory will pass
over the maria Crisium, Serenitatis, and Imbrium, and it
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will pass just west of Mare Orientale. The 60 nm by 8 nm
altitude trajectory preceding LM descent has its peri-
center near the eastern edge of Mare Serenitatis. The
docked spacecraft will be in this orbit for about nineteen
hours. A state vector near the beginning of this period
was taken from the Apollo 15 Operational Trajectory; it

is given in selenocentric 1972 and selenocentric 1950
coordinates in Table 1.

LUNAR POTENTIAL MODELS

The L1 lunar potential model will be used for
on-board and earth-based calculations for Apollo 15.
Because this model represents averaged, or bulk, properties
of the moon, it should not be expected to give the effects
of local structures such as the mascon basins the space-
craft will fly over. On the other hand, there is no lunar
potential model available which is confidently known to
model the moon's potential in detail. Thus, for the pur-
poses of this investigation, a detailed model had to be
postulated which would simulate the moon adequately for a
gualitative study.

The detailed model was obtained by adding to
the L1 potential approximate potentials for the seven
mascons listed in Table 2. This list contains the known
mascons affecting Apollo 15. As Table 2 indicates, some
of the mascons were represented as single point masses,
while others were represented as a set of seven point
masses.* All mass points were assigned a depth of 100 km
below the mean lunar surface. The potentials of each of
the point masses were expanded in spherical harmonics up
to (7,7), scaled to the known lunar mass, and then added
to the L1 potential, also scaled to the lunar mass. The
resulting potential, given with the L1 potential in
Table 3, has the correct lunar mass and a center of mass
offset on the order of 500 feet relative to the seleno-
graphic origin. Its C20 and C22 values are slightly

different from the currently accepted astronomical values.
Use of the potential in Table 3, which will be

called the mascon potential, involves the following im-
portant assumptions:

*The sets of seven were arranged with one point at
the basin's center and the other six in a hexagonal
pattern centered on the first one.



1. Global effects for Apollo 15 may be represented
by the L1 model.

2. All local effects for Apollo 15 may be represented
by the point masses indicated in Table 2.

3. Truncation of the model at (7,7) will not delete
effects important for a qualitative study.
4. The center of mass offset and the C20 and C22

offsets are probably within the astronomical
uncertainties of these values and will not
contribute significantly to a qualitative study.

ORBIT DETERMINATION -~ PDI TARGETING

The state vector of Table 1 was used with the
mascon potential to generate three full frontside passes
of simulated doppler tracking data. The L1 potential then
was used with the first pass data in a least squares
regression. Finally, the solution state was propagated
forward three revolutions under the L1 potential, and
predicted doppler data were generated. The differences
(residuals) between the simulated and predicted doppler
data were computed and plotted as Figure 1. The figure
shows that the residuals seem "small"* in the regression
zone, but their growth in the propagation zone shows that
simple propagation of an Ll-determined state vector in an
L1 potential field can lead to a strong divergence of the
L1 and actual data.

The meaning of the residuals in the regression
zone was explored by computing the UVW coordinates of the
solution state (propagated with the L1 potential) relative
to the supposed true position of the spacecraft moving in
the mascon potential. **The result was that--in the

*These residuals are still two or three times larger

than is customary when using the L1 potential in-real time
Apollo work.

**¥A UVW frame is a time-varying frame in which U
points along the instantaneous radius vector, V points in
the instantaneous downrange direction and normal to U, and
W completes the righthanded triad, pointing in the in-
stantaneous crosstrack direction. The UVW frame was '
computed for the spacecraft moving in the mascon poten§1al
field, and the relative position of the spacecraft moving
in the L1 potential field was decomposed into this frame.



regression zone--the Ll-predicted position had an average
downrange offset of about 1200 ft, a cross track error
varying from zero to 3500 ft and back to zero, and a verti-
cal error varying from 2000 ft to zero and back to 2000 ft.
Downrange e€rror grows at an average rate of 18,000 ft per
resolution. Crossrange and altitude error continue to
oscillate sinusoidally to about the same extremes.

The "N69 ARLS" update at powered descent is quite
capable of correcting this downrange error. Additionally,
procedures exist for including systematic propagation errors
in all three directions in the state vector at descent,
using the experience gained during the revolutions between
DOI and PDI. The non-systematic crossrange error remains
the major uncorrectable error at PDI. MSC's estimate of
7000 ft lo appears appropriate and inclusive of mascon
effects. Use of landmark tracking should improve the
situation further.

ORBIT EVOLUTION - DOI TARGETING

The initial state vector in Table 1 was inte-
grated forward nineteen hours assuming the L1 lunar poten-
tial model. This was repeated using the mascon potential
model. Figures 2 through 13 show the selenographic elements*
a, e, i, w, 2, and M for each potential and the moment-by-
moment differences between the elements for the two potential
models. Note that the plots of element differences always
show "mascon" minus "L1". Figures 14, 15, and 16 document
the perilune altitude evolution for the two models. The
UVW coordinates of the "L1 spacecraft" relative to the
"mascon spacecraft" are presented as functions of time in
Figures 17, 18, and 19.

All the graphs in Figures 2 through 19 share two
major characteristics: they have long period trends and
short period fine structure. The differing effects of the
two potentials are manifested in the element difference
curves. These curves show that small time scale element
differences, as well as long time scale element rate
differences, are generated by the mascon potential. The
only exception is the semi-major axis, which has the same

long period rate under the two potentials (i.e., no trend
in Figure 2).

*Actually, it is element minus initial value that is
plotted. The node, 9, is referenced to the inertial frame
selenocentric 1950.



The differences between semi-major axes and ec-
centricities (Figures 2 through 5) cause differences in
the perilune altitudes (Figures 14, 15, and 16) for the
two potentials.which, after nineteen hours are less than
about 1500 ft. The short term altitude differences
(Figure 17) are always less than about a mile. Further-
more, the long term rate of decrease of perilune altitude
(for either model) is about 400 ft/hr. Thus, there is no
reasonable threat of crashing due to unmodelled mascon
influences.

The major perturbations caused by the assumed
mascon potential seem to be in the geometrical elements:
inclination, node, argument of perilune, and mean anomaly.
After nineteen hours this potential causes Ain0°015,
AQv=0.1°, Awv3°, and AMv-1°. The combined shift in argu-
ment of perilune and mean anomaly is clearly dominant,
suggesting that downrange errors will be the principal
effect of neglecting the mascon effects. This means that
in each revolution the L1 potential would increment the
lag error in its estimate of spacecraft position by about
24,000 ft. This rough conclusion is verified by Figure 18,
which plots the downrange position of the "Ll spacecraft”
relative to the actual spacecraft position in the mascon
environment.

The crosstrack errors are sensitive to the some-
what cancelling effects of the inclination and node trends.
This is evident from Figure 19, which shows the crosstrack
position of the "Ll spacecraft" relative to the "mascon
spacecraft." This curve, which is actually the crosstrack
error curve, may be approximated as a sine wave with ampli-
tude linearly growing in time and with a small, time-varying
phase angle.

The DOI TRIM burn two revolutions before powered
descent initiation is made only if the crosstrack error is
over 50,000 ft, or if the altitude is outside the 30-70,000 ft
range. It appears that mascons by themselves will not cause
the burn to be necessary.

PERSPECTIVE

To assess the validity of the results just pre-
sented, two checks were made. The first used the customary
L1 coefficients in the low order part of the mascon potential,
to determine what portion of the potential produced the
observed effects. It was found that the non-Ll1 contributions



(the high order coefficients) from the mascons were dominant.
The second test used an Apollo 14 orbit in the same way that
the Apollo 15 orbit was used in the preceding sections.

The result was that the mascon effects on the Apollo 14

state were much weaker than on the Apollo 15 state. All
errors grew from zero (little or no initial bias), and the
downrange error growth rate was only about 4000 ft/rev.

CONCLUSIONS

Using an Apollo 15 Operational Trajectory state
vector valid near the beginning of the nineteen hour coasting
period prior to LM descent, pseudo doppler tracking data
were generated assuming a mascon-laden moon. The L1 po-
tential model was used in fitting this data over one front
side pass and in propagating the solution state vector
forward three revolutions. It appears that the doppler
residuals in the fit zone are not as small as they were on
past missions, and that they grow very large even one revo-
lution past the fit zone. Techniques exist, however, to
cope with them at PDI, except for the non-systematic cross-
range errors.

The long term propagation tests carried out with
the two potentials give a better perspective on this con-
clusion. Specifically, the principal long term error
introduced by the assumed mascon distribution is apparently
concentrated in the downrange direction, with about 18,000
ft/rev lag in the Ll-predicted position. The short term
effects of the mascons seem to be predominantly vertical
accelerations, which are inconsequential for the 60 nm x 8 nm
orbit of Apollo 15, and the long term effects seem to be due
predominantly to horizontal accelerations. The horizontal
accelerations lead to the downrange errors just mentioned.
The DOI TRIM burn at PDI minus two revolutions is required if
altitude or crosstrack errors are large, and is not affected
by downrange errors. It appears that the mascons, by
themselves, do not have sufficient effect to make the burn

necessary.

2014-SLL-ksc S. LJ Levie, Jr.
Attachments

Tables 1-3

Figures 1-19



Table 1

APOLLO 15 STATE VECTOR

NEAR THE START OF THE NINETEEN
HOUR PRE~DESCENT COAST PERIOD

EPOCH: 30.0548611 July, 1971

SELENOCENTRIC VALUE (ft and ft/sec)

COMPONENT
1972 1950
X 4.3326961x10° 4.3481024x10°
Y 1.853519x10° 1.8331466x10°
z 3.3147501x10° 3.3305894x10°
X 3410.7142 3388.4905
' -3744.0252 -3759.9817
A -2257.3900 -2264.3267




Table 2

MASCON DATA* USED IN CONSTRUCTING
THE MASCON POTENTIAL MODEL

MASCON MASS CENTER REPRESENTATION
(v moon)| (LAT, LONG) |(# MASS POINTS, DEPTH)

+ Imbrium 27 (38°, -18°) (7 , 100 km)

- Serenitatis 23 (28, 18°) (7 , 100 km)

- Crisium 9.3 (l6°, 58°) (7 , 100 km)

- Orientale 4.6 |(-20°, -95°) (1 , 100 km)
Nectaris 8 (-16°, 34°) (7 , 100 km)
Aestuum 10 (10°, - 8°) (1 , 100 km)
Humorum 6.8 | (-25°, -40°) (1 , 100 km)

89 TOTAL

indicates Apollo 15 flies over or tangent to mascon.

*The data in this table are based on W. M. Kaula,
"The Gravitational Field of the Moon," Science, 1969, and
wWong, L., "Lunar Gravitational Model Derived from Doppler
Data," presented at Spring AGU meeting, Washington, 1970.




Table 3

THE MASCON POTENTIAL COEFFICIENTS

The potential is assumed to have the form

o £
V(r,6,¢) = Tg }E 2: (3?) Km(cose)[cKm cos m¢ + Sﬂm sin m¢],

where (r,6,¢) are spherical polar coordinates of a field

point, sz is the associated Legendre function customarily
3

used in Apollo, GM = 4.90278x10° km>/sec? and r_ = 1738 k.

Coefficients not listed below are zero. Numbers in paren-
theses are the coefficients for the L1 potential model.
Mantissa-exponent format is used.

Coo = 1
00 = 1
Cip = -2264-4 C,, = -6135-4 Sy, = -1784-5
C.. = =-.22262958-3  C.. = .1771-4 S.. = .2491-5
20 (17507108-3) 21 21
C.. = .28189157-4 S.. = .1689-5
22 (.20716-4) 22
C.. = .7028132-5 C.. = .34089556-4 S.. = -.1742-5
30 (L 21-1) 3L (134-9) 31 |
Cy, = 31725 S,, = .1938-6
C.. = .3106702-5 S.. = .1768-6
33 (.2583-5) 33
Cyo = --8339-5 Cyy = --3582-5 S,y = --1998-5
Cyp = 629276 S,, = —-4707-6
Cyq = -2970-6 S,3 = -+6693-7
Cuq = -2081-7 S,q = =+2523-7



Table 3 (continued)

C .3153-6

0

50 51
52
53
54
55
C60 = .9006-5 C61
62
63
64
65

66
C

70 .3364-5 Cc

71
72

73

Q0

74

@

75
76
77

1]

]

.3395-5
.2353-6

7003-7

.2273-7

.6799-9
.6830-6
.2508-6

3070-9

.2310-8

.2171-8

.6362-10

.1218-5

.1050-6
.6631-8
.4833-9
.2824-9
.1117-9

.2047-11

51
52
53
54
55
61
62
63
64
65
66
71
72
73
74
75
76

77

Il

4870-6

.2490-6

.4299-7

.8855-8

.3731-8

8707-6

.2942-7

.9627-8

.1878-8

.6372-9

.6-65-10

.2367-6

.2795-7

.1525-7
.4405-9
.3188-10
.4201-10

.3390-11



DOPPLER RESIDUALS (FT/SEC)

5.0,

—5.01

03‘9__@—& l

|
=—FIT ZONE —i— PROPAGATION ZONE:
[

-10.00

-15.0,

—20.0

-250'

-30.0

5000 10,000 15,000

TIME FROM EPOCH (SEC)
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